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ABSTRACT 

The presented work i s  concerned with determining t h e  f ac to r s  con- 

t r o l l i n g  t h e  adhesion of metal  couples. 

Most previous s tud ie s  have been done i n  t h e  presence of contaminants 

and, under these  condi t ions ,  an energy b a r r i e r  f o r  adhesion has always been 

observed. This b a r r i e r  has been ascr ibed t o  var ious f ac to r s :  t h e  need t o  

d isperse  t h e  contaminants s o  t h a t  metal-metal contact , and, consequently 

adhesion, can occur; t h e  energy required t o  r ea l ign  t h e  sur face  metal  atoms 

t o  form an i n t e r f a c i a l  bond; and, f o r  l i g h t l y  loaded condi t ions,  t h e  neces- 

s i t y  t o  overcome t h e  e l a s t i c  r e l i e f  s t r e s s e s  which may break any bond formed 

during t h e  unloading of t he  couple. A f u r t h e r  condition f o r  adhesion which 

has been pos tu la ted ,  i s  t h a t  t h e  metal couples must be mutually soluble .  

The present adhesion experiments show t h a t  contaminant d i s p e r s a l  is  

t h e  major b a r r i e r  t o  adhesion. Thus, spontaneous adhesion occurred under 

vacuum conditions f o r  t h e  t h r e e  systems s tudied  when t h e  surfaces were suf- 

f i c i e n t l y  c lean ,  whereas subsequent contamination r e s u l t e d  i n  non-adhesion. 

Subs tan t i a l  amounts of contamination could, however, be to l e ra t ed .  The con- 

taminants may be divided i n t o  two c l a s ses ,  s t a b l e  sur face  films and mobile 

gaseous or l i q u i d  f i l m s .  

m a y  be removed by appl ica t ion  of  a vacuum, whereas zne foruer rcqul i - r ;  c. 

more rigorous treatment.  

While both a r e  b a r r i e r s  t o  adhesion, the l a t t e r  

Because adhesion occurred f o r  c lean surfaces  under vacuum condi t ions,  

even where e l a s t i c  deformation predominated, t h e  pos tu la ted  energy b m r i e r  

of adhesion due t o  t h e  realignment of t h e  surface atoms i s  considered of 

minor importance, a t  l e a s t  f o r  t he  s o f t e r  metals s tud ied  here.  Further ,  no 

evidence f o r  rupture  of the  bonds by t h e  e l a s t i c  r e l i e f  forces  on unloading 

such l i g h t l y  loaded clean couples has been observed. The l a t t e r  e f f e c t ,  



however, i s  thought t o  becme  more important whenever s t a b l e  su r face  f i l m s  

a r e  p re sen t ,  because o f  t h e  l imi ted  metal-metal contact .  

Since t h e  one immiscible system s tud ied  here  showed as g r e a t  a ten-  

dency t o  adhesion as t h e  miscible  systems, t h e  condi t ion of bulk m i s c i b i l i t y  

i s  considered no c r i t e r i o n ,  per  s e ,  f o r  adhesion. 
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INTRODUCTION 

It i s  general ly  accepted (1-3) t h a t  contamination i s  a major barr ier  

t o  t h e  adhesion of solid-phase metal couples. 

p a i r s  t o  bond a f te r  bulk deformation ( 3 )  has been found t o  depend g r e a t l y  on 

t h e i r  i n i t i a l  surface t reatment .  S i m i l a r i l y ,  t h e  f r i c t i o n  between two metal 

su r faces ,  which has been shown by Bowden and Tabor (1) t o  be due i n  p a r t  t o  

t h e  bonding of su r face  a s p e r i t i e s ,  i s  s i g n i f i c a n t l y  reduced by lub r i can t s .  

Thus, t h e  a b i l i t y  of metal 

The exact nagnitude of the  e f f e c t  of contaminants on t h e  bond s t r eng th  

of metal couples i s ,  however, unknown s ince  most s o l i d  phase welding experi- 

ments (3-5) have been conducted i n  a i r  under complex su r face  conditions where 

metal c r y s t a l  s t r u c t u r e ,  bulk deformation and temperature have a l l  been found 

t o  have an e f f e c t .  Due t o  t h e  i n t e r r e l a t i o n  of a l l  t h e s e  va r i ab le s ,  t h e r e  i s  

s t i l l  dispute  as t o  whether d i spe r sa l  o f  contaminants or an inherent energy 

barr ier ,  due t o  realignment of t h e  su r face  atoms t o  form an i n t e r f a c i a l  bond, 

i s  responsible  f o r  t h e  dependence of adhesion on bulk deformation ( 3 ) .  

I n  order  t o  e l iminate  the  e f f e c t s  of contamination, a f e w  attempts have 

been made t o  study t h e  adhesion o f  c lean metal surfaces  under vacuum. For 

example, Bowden and Rowe ( 6 )  have examined t h e  adhesion of metal couples 

under normal loading a f t e r  varying degrees of t a n g e n t i a l  p re s t r e s s ing .  The 

metals were first cleaned by high temperaTure e v a p ~  a’-Llv; ;;;;%r -:3’1””1m, a n d  

t h e  t es t s  conducted under a vacuum of about 10 Torr.  The degree of ad- 

hesion w a s  l e s s  than might be expected and t h i s  w a s  o r i g i n a l l y  a t t r i b u t e d  t o  

t h e  breaking of t h e  i n t e r f a c i a l  bonds by re l ie f  of e l a s t i c  stresses as t h e  

appl ied load w a s  removed. 

suggested t h a t  contamination of t h e s e  surfaces could not be ru l ed  out. 

-0 

More r ecen t ly ,  however, Milner and Rowe ( 3 )  have 

Additional impetus has r ecen t ly  been given t o  t h e  study of s o l i d  phase 

bonding because of t h e  need t o  fo r see  and control  t h e  se i zu re  of space cap- 

sule components operating under deep space conditions,  i .e. a vacuum of 



about 

a t  pressures  i n  t h e  range of below lo-' Torr have been attempted. 

Torr; and, as a consequence, a number of adhesion s tud ie s  (7-9) 

Kel ler  and Spalvins ( 9 )  reported t h a t  mutually so luble  metal  couples , 
cleaned by argon and e l ec t ron  bombardment, showed evidence of adhesion under 

touch contact .  Insoluble  couples, however, did not  appear t o  demonstrate 

adhesion. Although no measure of loads o r  es t imat ions of t h e  r e s u l t a n t  metal  

contact areas  were made , t h e  former r e s u l t s  d id  ind ica t e  t h a t  contaminant 

d i spe r sa l  i s  t h e  major b a r r i e r  t o  adhesion. 

of t h e  inso luble  couples appears t o  be i n  agreement with some observations 

i n  f r i c t i o n  and wear s tud ie s  (lO,ll), t h i s  observation i s  a t  var iance with 

t h e  roll-bonding work done i n  t h e  presence of contaminants by McEwan and 

Milner (12 ) .  

Even though t h e  l ack  of adhesion 

I n  order  t o  e luc ida te  t h e  mechanisms involved i n  s o l i d  metal adhesion, 

t he re fo re ,  an experiment w a s  designed t o  measure t h e  forces  involved i n  t h e  

bonding of metal  surfaces  with varying degrees of c leanl iness ,  under a s e r i e s  

of ambient pressures  which ranged from 40 Torr t o  about 5 x Torr .  

-2- 



EXPERIMENTAL PROCEDURE 

The adhesion c e l l  and pumping system were designed t o  allow f o r  t h e  

measurement of t h e  contact res i s tance  and adhesion between two metal samples 

as a f'unction of contact fo rce ,  with varying degrees of sur face  contamination. 

The system used consis ted of a 40 x 300 mm pyrex adhesion c e l l  ( A )  at tached 

t o  a 1" ult ra-high vacuum valve (H) and thence t o  t h e  vacuum system, as shown 

i n  Figure 1. 

baked-out during each experiment at  45OoC f o r  at least  10 hours. 

o u t ,  t h e  degassing of t h e  t i tanium sorp t ion  pump, and t h e  cooling of t h e  

f i r s t  l i q u i d  ni t rogen t r a p ,  t h e  minimum pressure observed i n  t h e  adhesion c e l l  

w a s  5 x 10-l' Torr ,  as measured by t h e  NRC Redhead gauge ( D )  mounted adjacent 

t o  t h e  specimens. 

0.010" t i t an ium wire  c lose ly  wrapped over 0.015" tungsten w i r e .  

The adhesion c e l l ,  valve,  and f i r s t  l i q u i d  ni t rogen t r a p  were 

A f t e r  bake- 

The t i t an ium sorpt ion pump ( E )  consis ted of a h e l i x  of 

The to r s ion  beam and adhesion samples are shown i n  Figure 2. Both were 

supported by t h r e e  5 mm s t a i n l e s s  s t e e l  support rods h e l i a r c  welded t o  a 

s t a i n l e s s  s t e e l  conf la t  p l a t e  attached t o  t h e  c e l l  at  (J) , Figure 1. 

rods a l s o  served as supports fo r  t h e  sample e l e c t r i c a l  l eads  within t h e  cham- 

b e r ,  which were a l l  insu la ted  with r ec rys t a l l i zed  alumina tubing and l e f t  t h e  

c e l l  by standard Kovar through-seals a t  (B), Figure 1. 

a l s o  constructed of alumina tubing and w a s  supported at its cenber Ly a 

s t a i n l e s s  s t ee l  connector which served as a bearing for t h e  t o r s i o n  beam as 

it r e s t e d  on a 0.010'' tungsten wire under tens ion  between t h e  two 5 mm s ta in-  

less s t e e l  supports.  

The 

The to r s ion  beam w a s  

The i ron  s lug ,  Fly Figure 2 ,  f ixed  t o  t h e  end of t h e  t o r s i o n  bemywas 

used i n  conjunction with t h e  external  permanent magnet ( C )  t o  a f f i x  t h e  po- 

s i t i o n  of t h e  indenter  with respect t o  t h e  sample p l a t e .  The s t r a i n  gauge 

( G )  mounted on t h e  t o r s i o n  beam, supported a second i ron  s lug ,  F2, which 
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i n t e rac t ed  with t h e  f i e l d  of a solenoid (L). 

solenoid,  monitored by t h e  ca l ib ra t ed  va r i ab le  r e s i s t ance  (J) was increased,  

t h e  to r s ion  beam w a s  moved i n t o  sample contact  and a normal force placed on 

t h e  sample p l a t e  due t o  t h e  indenter.  

f lux  between t h e  i ron  slug, F1, and t h e  magnet (C) before contact , and t h e  

force  of contact of t h e  indenter  ( B )  with t h e  f ixed  sample p l a t e  ( A )  were 

measured by t h e  0.00095" x 6" nude s t r a i g h t  constantan wire s t r a i n  gauge, 

whose output w a s  monitored by a Sanborn Transducer-Amplifier, Model 312. 

P r i o r  t o  each experiment t h e  balance system w a s  c a l i b r a t e d  i n  a i r  throughout 

t h e  range of operat ion,  i . e .  0-2.0 grams, and w a s  found t o  have a s e n s i t i v i t y  

of about 5 0.010 grams. 

Thus, as t h e  current  i n  t h e  

The fo rce  of shearing t h e  magnetic 

The contact r e s i s t ance  between t h e  indenter  and p l a t e  w a s  measured with 

a Prec is ion  Kelvin Bridge i n  conjunction with a Nanovoltmeter used as a n u l l  

de tec tor .  A source w a s  used such t h a t  t h e  p o t e n t i a l  drop across t h e  contact 

r e s i s t ance  was approximately 0.3 m i l l i v o l t s ,  which should y i e l d  negl ig ib le  

temperature r i s e  a t  t h e  contact region due t o  current  flow (13).  

arrangement enabled t h e  res i s tance  t o  be measured when within t h e  range of 

zero t o  one ohm, with an accuracy of 3-4 f igu res .  

w a s  ca l ib ra t ed  with a 0.01 ohm NBS standard r e s i s t o r  p r i o r  t o  each run. 

Such an 

The r e s i s t ance  c i r c u i t  

The t o r s i o n  beam arrangement w a s  aeslgrleu iii t;iF &t-;: -,:=;- 1- r\+- 

t o  ob ta in ,  as near ly  as poss ib le ,  pure normal loading. Thus, shear defor- 

mation of t h e  adhesion specimens w a s  reduced t o  a minimum during t e s t  cyc les ,  

t h e  only t a n g e n t i a l  motion being imparted t o  t h e  specimens by unavoidable 

normal labora tory  v ibra t ions .  The e f f e c t s  of t hese  could only be observed 

under extreme l i g h t  specimen loading and non-adhesion conditions,  when in-  

s t a b i l i t y  o f  t h e  contact  res i s tance  occurred. 

The normal operat ing procedure involved placing t h e  samples i n  t h e  

system and evacuating t o  a pressure below lo-* Torr ,  a t  which time t h e  

-4- 



bakeout cycle  was imposed, as previously mentioned, t o  a t ta in  an u l t ima te  

pressure  of about 5 x 10-l' Torr. A t  t h i s  t ime t h e  u l t ra -h igh  p u r i t y  argon, 

obtained from Airco Company, w a s  admitted t o  t h e  l e a k  system by breaking t h e  

capsule  break-off t i p .  

of  about 10 Torr ,  and argon ion bombardment of each sur face  i n i t i a t e d  by 

p lac ing  a D.C.  p o t e n t i a l  of about a k i l o v o l t  between t h e  f i lament  ( E ) ,  Figure 

2 ,  and t h e  sur face  t o  be cleaned. During t h e  cleaning opera t ion ,  which 

The argon w a s  then  admitted t o  t h e  c e l l  t o  a pressure  

-4 

amounted t o  a t o t a l  of a t  l e a s t  t h r e e  hours f o r  each sur face ,  a small n i cke l  

s h i e l d  w a s  moved i n t o  p lace  ( v i a  magnet) t o  completely s h i e l d  t h e  sur face  not 

being cleaned from contamination by sput te red  mater ia l .  Af te r  bombardment , 

a s u b s t a n t i a l  spu t t e red  deposi t  on t h e  c e l l  w a l l s  a t t e s t e d  t o  t h e  f a c t  t h a t  

a considerable  amount of surface ma te r i a l  w a s  removed from each sample. Upon 

completion of t h e  argon ion bombardment phase, t h e  system w a s  evacuated and 

sample annealing i n i t i a t e d .  Electron bombardment from t h e  f i lament  ( E )  was 

used t o  hea t  t h e  sample f o r  argon degassing and sample anneal.  

procedure momentary pressure peaks i n  t h e  range of 

During t h i s  

Torr were observed, 

which f e l l  within a few seconds t o  below lo-' Torr. The u l t ima te  pressure  

upon completion of t h i s  operat ion,  a f t e r  degassing t h e  t h i n  spu t t e red  f i lm 

and f i r i n g  t h e  t i t a n i u m  sorpt ion pump, w a s  about 5 x Torr. Damp or 

mit ted  t o  t h e  system by means o f  t h e  argon r e se rvo i r .  

A t  c e r t a i n  poin ts  throughout t h e  whole of t h i s  evacuation and surface 

cleaning process a s e r i e s  of  adhesion cycles  were performed at room tempera- 

t u r e s  by slowly br inging indenter ( B )  i n t o  contact  with ( A ) ,  by reducing t h e  

va r i ab le  r e s i s t a n c e  ( J ) .  The values  of (J) and t h e  de f l ec t ion  of t h e  t r ans -  

ducer ampl i f ie r ,  due t o  t h e  s t r a i n  gauge, were noted concurrent ly  a t  d i s c r e t e  

i n t e r v a l s  u n t i l  sample contact w a s  made , when contact  r e s i s t a n c e  measurements 

were a l s o  performed at  each new adjustment of (J). The load  on t h e  adhesion 

-5- 



couple w a s  then f u r t h e r  increased t o  a predetermined l e v e l  and then reduced 

by increments u n t i l  contact was broken. Contact make and break were imme- 

d i a t e l y  indicated by a closed and open c i r c u i t  i n  t h e  Kelvin Bridge. I n  

t h i s  way t h e  loading and unloading processes were monitored by a t  least t e n  

concurrent contact r e s i s t ance ,  force,  and solenoid c i r c u i t  r e s i s t ance  mea- 

surements during each adhesion cycle. 

0.15, 0.30, 0.60, 0.80, 1 .0  and 1.5 grams, which allowed f o r  an estimation 

of t h e  e f f ec t  of peak contact load on metal-metal adhesion. 

The peak loads usua l ly  included 0.02, 

I n  t h e  present study t h e  Ag-Ag, mutually so luble  C u - N i  and mutually in- 

so luble  Ag-Ni systems ( 1 4 )  were s tudied.  

s i l v e r ,  99.97% nicke l  and O.F.H.C. copper. 

used a 0.8 cm 

copper sphere at ( B ) ,  formed by fusing 1 mm diameter w i r e  i n t o  a sphere of 

about 3 mm diameter. Fusion was done i n  a i r  with an oxy-hydrogen flame. 

The Ag-Ag adhesion couple, however, consis ted of two crossed 1 mm wires. 

The materials used were: 99.999% 

I n  the  cases where n icke l  w a s  

2 fixed p l a t e  a t  ( A ) ,  Figure 2 ,  was employed, with a s i l v e r  or 
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RESULTS AND DISCUSSION 

Typical adhesion cycles  f o r t h e  Ag-Ag system are shown i n  Figure 3. 

Two examples a r e  given; a specimen showing no adhesion, Figure 3a, and one 

showing appreciable  adhesion, Figure 3b. 

and break occur at approximately the  same value of (J) ( i . e .  a t  t h e  same 

a t t r a c t i v e  fo rce  between solenoid and s lug ,  F ) , whereas i n  t h e  l a t t e r ,  t h e  

value of  (J) a t  break is  markedly g r e a t e r  than t h a t  at make. 

ences of  t h e  load on t h e  adhesion couple a t  t h e  same values of (J) , between 

t h e  loading and unloading cyc les ,  i s  not  s i g n i f i c a n t  as it i s  due t o  an ob- 

served d r i f t  with time of t h e  s t r a i n  gauge de f l ec t ion  as measured on t h e  

t ransducer-amplif ier .  

t i c a l l y  p ro jec t ing  t h e  contact  break poin t  onto t h e  loading curve. If t h i s  

i s  done, t h e  load t o  break t h e  adhesion couple i n  Figure 3a is  0 grams, where- 

as t h a t  i n  Figure 3b i s  % 0.14 grams. 

appl ied t o  t h e  couple i n  both cases i s  t h e  load d i f fe rence  between contact  

make and maximum load. 

I n  t h e  former case contac t  make 

2 

The d i f f e r -  

This  d r i f t  can be approximately cor rec ted  f o r  by ver- 

A reasonable approximation of t h e  load 

Thus, one c r i t e r i o n  for  adhesion of  t h e  specimen couples i s  t h e  presence 

of  a s i g n i f i c a n t  load required t o  separa te  t h e  contact a f t e r  loading. Other 

c r i t e r i a  may be obtained from examination of t h e  load-contact r e s i s t a n c e  r e -  

l a t i o n s h i p .  Thus , marked i n s t a b i l i t y  before  break, and non-maintenance of 

minimum r e s i s t a n c e  during unloading i n d i c a t e  non-adhesion ( c f .  Figure 3a and 

b ) .  

t i o n i n g  of t h e  indenter  by t h e  ex te rna l  magnet ( C ) ,  Figure 2 ,  when v i s i b l e  

adhering t o  t h e  p l a t e  occurred due t o  an acc identa l  contact of t h e  specimen 

samples. 

Further  evidence f o r  adhesion could o f t en  be observed during t h e  posi-  

1. Estimation of Bond St rengths  

A s  may be  r e a d i l y  appreciated,  a measure of t h e  bond s t r eng ths  of 
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t h e  couples showing adhesion is  des i r ab le  f o r  an understanding of  t h e  

adhesion process.  Thus, s ince t h e  load  t o  break t h e  couple i s  e a s i l y  

measurable, an est imat ion of t h e  contact  a r e a  f o r  each adhesion cyc le  

i s  required.  This may be  approximated from e i t h e r  contact  r e s i s t a n c e  

da t a  or from mechanical considerat ions.  

a)  Contact Area Approximation by Contact Resistance 

If one c i r c u l a r  contact  region i s  assumed between two 

members of t h e  same metal with clean su r faces ,  t h e  rad ius  of t h e  

contact  region,  and hence i t s  area,can be estimated from t h e  

equation as suggested by Holm (15)  

R = p/2a (1) 

where R i s  t h e  contact r e s i s t a n c e ,  p is  t h e  s p e c i f i c  r e s i s -  

t i v i t y  of t h e  meta1,and a i s  t h e  rad ius  of  t h e  c i r c u l a r  contact  

zone. If a d i s s imi l a r  metal couple i s  present ,  t h e  formula may 

be adapted t o ,  

1 and p2 where p 

It should 

clean sur faces  ; 

a r e  t h e  s p e c i f i c  r e s i s t i v i t i e s  of t h e  two metals.  

be  noted t h a t  t h e  above formulae apply only t o  

f o r ,  if a contaminant riim is p ~ e s ~ i i t ,  z 2?7_.?F- 

t i o n a l  r e s i s t ance  term due t o  i t s  th ickness  and r e s i s t i v i t y  must 

a l s o  be present  (15). 

with reasonable accuracy, only t o  t h e  adhesion cycles conducted 

i n  ul t ra-high vacuum, a f t e r  argon ion and e l ec t ron  bombardment. 

Figure 4 shows a p l o t  of t h e  contact  r e s i s t ances  at m a x i -  

Consequently, t h i s  approach may be  appl ied ,  

mum load  vs t h e  load on t h e  couple f o r  t h e  systems s tudied .  Each 

poin t  represents  one cycle  under t h e  above condi t ions.  It i s  

evident t h a t  there  i s  a marked d i f fe rence  between t h e  t h r e e  
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systems i n  t h e  ranges of r e s i s t ances  observed. Figure 5 fu r the r  

shows a p l o t  of j o i n t  s t r eng th  (contact  area estimated from for-  

mula (1 ) )ve r sus  load on t h e  couple, f o r  t h e  Ag-Ag system. 

though t h e r e  i s  much s c a t t e r ,  t h e  bond s t rengths  seem t o  approxi- 

mate w e l l  t o  t h e  bulk s t r eng th  of s i lver .  

l i t t l e  strength-load dependence s ince  s u b s t a n t i a l  s t r eng ths  are 

observed even f o r  loads of  0 .1  grams on t h e  couple. When s i m -  

i lar  ca lcu la t ions  a re  conducted f o r  t h e  Cu-Ni  and Ag-Ni r e s u l t s ,  

however, bond s t rengths  cons is ten t ly  of t e n  t o  t h r e e  times those  

of t h e  bulk s t rengths  of  t h e  weaker copper and s i lver  members, 

respec t ive ly ,  are obtained, which a re  considered anomalously high. 

b )  

Al- 

There seems t o  be 

Contact Area Approximation from Mechanical Considerations 

I n  order  t o  approximate t h e  contact area by mechanical con- 

s ide ra t ions ,  it must be  f i r s t  determined whether t h e  deformation 

i s  predominantly e l a s t i c  or p l a s t i c .  I f  t h e  deformation of t h e  

adhesion couples i s  assumed t o  be t o t a l l y  e l a s t i c ,  and t h e  sur- 

faces  are f u r t h e r  assumed pe r fec t ly  f l a t ,  or sphe r i ca l ,  t h e  con- 

t a c t  area may be  estimated by using t h e  equation derived by 

Hertz (16), 

a W 
2 

i-Ul 

El 
(- + 

2 
-L-” 2 --> 
_ I _  

E2 

1 1 / 3  
1 \-I I i 3j 

where , a = radius of contact zone 

r = radius of  curvature of  couple members 

0 = Poissons r a t i o  

E = Young’s modulus of e l a s t i c i t y  

W = load 

’m 9 
Consequently, t h e  average pressure under t h e  indenter ,  

v a r i e s  as: 
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If ,  however, t h e  deformation is  assumed t o  be  mainly p l a s t i c ,  as 

w i l l  occur at heavy loads,  t h e  mean pressure  under t h e  indenter  

may be approximated (15)  from t h e  hardness of t h e  annealed 

material; i . e .  

Pm = H ( 5 )  

Figure 6 shows a p lo t  of  P 

m a t  ion mechanisms , AB represent ing  t h e  v a r i a t i o n  of Equation ( 4 )  

and BC of Equation ( 5 ) .  

vs  load f o r  t h e s e  two idea l i zed  defor- m 

I f  we now consider t h e  deformation of t h e  Ag-Ag couple, 

Equation ( 4 )  reduces t o ,  

( 6 )  pm = ~~/~/4.07 x grams/cm 2 

by s u b s t i t u t i n g  t h e  appropr ia te  values  of 0, E ,  and r. Simi la r i ly ,  

Equation ( 5 )  reduces t o  

(7) 5 2 P = 48.3 x 10 grams/cm m 

s ince  t h e  V.P.N. of t h e  s i l v e r  specimen w a s  found t o  be 48.3 

h~,UW ’--‘ \----  -n i l ,  3 O f l  Z m m s ) .  

( 6 )  and ( 7 )  , one may est imate  t h a t  WB, for t h e  Ag-Ag system, 

occursa t  a load of 7.6 grams. 

Consequently, by combining expressions 

However, t h i s  load does not rep- 

r e sen t  t h e  change from e l a s t i c  t o  p l a s t i c  behavior as t h e r e  i s  a 

t r a n s i t i o n  region, AC, Figure 6 ,  i n  t h e  P 

where A i s  t h e  i n i t i a t i o n  of p l a s t i c  deformation (17) .  

- load r e l a t ionsh ip ,  m 

This 

A’ l a t t e r  occurs a t  0.5a below t h e  metal  sur face  at a load of W 

when, 

Pm = 1.1 y 
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y being t h e  y i e l d  s t rength  of  t h e  ma te r i a l .  

cu la ted  f o r  t h e  Ag-Ag system by equating expressions ( 6 )  and (8 )  , 
and i s  found t o  be e i t h e r  1 . 5  x 

ing on t h e  value ascribed t o  y (18).  

W may thus  be ca l -  A 

or 4.2 x grams depend- 

Thus, it seems t h a t ,  f o r  t h e  adhesion couple which would 

most tend  towards p l a s t i c  behavior,  because of t h e  lower y i e l d  

s t r e s s  and t h e  geometry of t h e  specimens, t h e  i n i t i a t i o n  of 

p l a s t i c  y i e ld ing  occurs at - grams,and t h a t  t h e r e  i s  

s t i l l  appreciable  e l a s t i c  deformation a t  7.6 grams load. Thus, 

s ince  t h e  present  s e r i e s  of adhesion cycles  have been performed 

under loads of 0.03 - 2.0 grams, an approximation of t h e  contact  

a r e a  a t  maximum load may be made by applying Equation ( 3 ) .  

If t h i s  i s  done f o r  t h e  Ag-Ag adhesion cycles  performed 

under high vacuum a f t e r  bombardment, a j o i n t  strength-indenta- 

t i o n  load r e l a t ionsh ip  i s  obtained as shown i n  Figure 7. A s  can 

be seen t h i s  i s  very similar t o  Figure 5 ,  where t h e  contact  

a reas  were estimated from contact  r e s i s t ance  da ta .  Very high 

s t r eng ths ,  however, a re  observed a t  low loads f o r  t h e  former 

case,  Figure 7. This i s  thought t o  be a spurious e f f e c t  due t o  

a f l a t t e n e d  contact  area ivriu& 2.i:kg ;*YE$Z?L~ pf' +ha + n r S i n n  

balance,  by acc identa l  touching of  t h e  specimen wires  toge ther .  

Such an occurrence would l ead  t o  an underestimation of t h e  con- 

t a c t  a r ea  by t h e  e l a s t i c  approximation. 

On applying the  e l a s t i c  area approximation t o  t h e  r e s u l t s  

obtained from t h e  mutually so luble  and inso luble  C u - N i  and A g - N i  

systems, done under t h e  same condi t ions as above, p l o t s  mater i -  

a l l y  t h e  same as tha t  of Figure 7 a r e  obtained, i . e .  j o i n t  

s t rengths  approximating t o  t h e  s t r eng th  of t h e  weakest member 

-11- 
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( C u  o r  Ag) .  

These s t rengths  a re  considered t o  be more reasonable than those 

obtained f o r  t h e  d iss imi la r  couples from contact areas  derived v i a  

t h e i r  contact res i s tances .  

t h e  measured res i s tances  of t h e  Cu-Ni and A@;-Ni couples were in- 

creased, above those  expected from expression (21, by a f i r t h e r  

var iab le .  This  ex t r a  f a c t o r  i s  not , however, immediately obvi- 

ous. Thus, although a contaminant film would give an addi t ive 

term t o  Equation ( 2 )  , it would a l so  be expected t o  be present 

f o r  t h e  Ag-Ag system. Unfortunately, it i s  not possible  t o  com- 

pare t h e s e  r e s u l t s  w i t h  those other  workers as no other  contact 

r e s i s t a n c e  work has  been done w i t h  surfaces  of such cleanl iness .  

Further work i s  obviously needed, t h e r e f o r e ,  t o  understand t h i s  

anomaly. 

Again, no j o i n t  strength-load dependence i s  apparent. 

It must be assumed, t h e r e f o r e ,  t h a t  

Thus, the  e l a s t i c  a rea  approximation seems t o  give a rea- 

sonable measure of t h e  a rea  of contact a t  m a x i m u m  load. This  

view i s  substant ia ted by t h e  t h e o r e t i c a l  ana lys i s  out l ined above 

f o r  t h e  couple most incl ined t o  p l a s t i c  behavior;  by t h e  agreement 

w i t h  areas  obtained by t h e  contact r e s i s t a n c e  method fo r  t he  Ag- 

**e '- nnri-l-* -__. r-- I and by the more reasonable s t rengths  obtained f o r  t h e  

d i s s i m i l a r  metal couples using t h e  e l a s t i c  method compared t o  the  

contact r e s i s t a n c e  method. It should be appreciated,  however, 

t h a t  t h e  above calculat ions assume p e r f e c t l y  f l a t  or spher ica l  

specimen surfaces .  I n  a c t u a l i t y  t h e r e  a re  a s p e r i t i e s  on t h e  

surfaces ,  which w i l l  deform p l a s t i c a l l y .  The load i s  neverthe- 

l e s s  c a r r i e d  i n  t h e  bulk mater ia l  by predominately e l a s t i c  defor- 

mation, and t h i s  i s  espec ia l ly  so  f o r  t h e  present case,  where t h e  

specimen couples are repeatedly loaded and unloaded i n  t h e  same 
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contact  region. 

t i c  deformation i s  increased a t  t h e  expense of t h e  p l a s t i c ,  due 

t o  work hardening. 

Thus, t h e  a s p e r i t i e s  a r e  deformed and t h e  elas- 

2. Ef fec t  of Surface Cleanliness and Atmosphere on Adhesion 

Figure 8 shows t h e  e f f ec t  of varying t h e  specimen sur face  con- 

d i t i o n s  and ambient atmosphere on t h e  adhesion of t h e  Ag-Ag couple 

under loading cycles of maximum load  1.3 - 1 .6  grams. 

done consecutively on t h e  sane specimens during one adhesion experiment 

comprising of a t o t a l  of 250 cycles  at d i f f e r e n t  loads.  

r e sen t s  one cycle .  

s i g n i f i c a n t  j o i n t  s t r eng th  as determined by t h e  e l a s t i c  contact a r ea  

approximation, and t h e  s t a b i l i t y  and maintenance of minimum contact 

The cycles  were 

Each point  rep- 

The c r i t e r i a  of adhesion a r e ,  as s t a t e d  above, 

r e s i s t ance  up t o  t h e  breakaway poin t  during t h e  unloading cycle.  

may be seen t h e r e  i s  no adhesion evident with as-assembled specimen 

sur faces  i n  air  before  evacuation; i n  vacuum (% 10 

bakeout cycle;  and i n  vacuum ( s  5 x 10-l' Torr)  a f t e r  bakeout. 

l iminary e l ec t ron  bombardment degassing treatment of t h e  surfaces  , 

however, r e su l t ed  i n  t h e  evidence of t h e  two contact r e s i s t ance  ad- 

hesion c r i t e r i a ,  but v i r t u a l l y  no appreciable  j o i n t  s t rength .  Sig- 

n i f i c a n t  adhesion i s ,  nowever , aypur ciit , zzgcz k c \ m h ~ 4 m p n . t ,  ~ when 

cycles  were done i n  a f e w  microns of argon; immediately a f t e r  e l ec t ron  

bombardment i n  high vacuum; and even a f t e r  114 hours a t  a pressure of 

about Torr of atmosphere. Even on subsequently admitt ing 40 Torr 

dry a i r ,  t h e  two contact r e s i s t ance  adhesion c r i t e r i a  a r e  s t i l l  ap- 

parent  af ter  19 hours, although t h e  j o i n t  s t rengths  a r e  reduced t o  

v i r t u a l  insignif icance.  

specimens, however, increases t h e  measureable adhesion. I n  c o n t r a s t ,  

admittance of 40 Torr undried a i r  r e s u l t s  i n  no observable adhesion 

As 

-6 Torr) before t h e  

A pre- 

Re-application of vacuum conditions t o  t h e  
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a f t e r  one hour, b u t ,  on pumping off t h i s  atmosphere, adhesion i s  again 

evident.  

A similar p a t t e r n  w a s  a l s o  found f o r  t h e  same couple under a 

load  range of 0.3 - 0.5 grams, and has fu r the r  been obtained f o r  t h e  

A g - N i  couple. The re ten t ion  of adhesion a f t e r  admittance of 40 Torr 

dry a i r  a f t e r  bombardment ,being, if anything, more pronounced i n  t h e  

l a t t e r  experiment. These r e s u l t s  a r e  i n  agreement with t h e  normally 

observed increase i n  f r i c t i o n  as t h e  f r i c t i o n  specimen surfaces  a r e  

cleaned and subjected t o  vacuum conditions (6),(19),(20), and a re  a l s o  

compatible with t h e  observed e f f e c t s  of t h e  subsequent en t ry  of oxygen, 

ni t rogen , hydrogen and water-vapor atmospheres ( 19) , ( 20). Oxygen and 

water-vapor caused t h e  coe f f i c i en t  of f r i c t i o n  t o  decrease , whereas 

t h e  o ther  atmospheres had no e f f e c t .  

These present r e s u l t s  demonstrate t h a t  , whereas no adhesion i s  

evident before  surface cleaning, even under ul t ra-high vacuum con- 

d i t i o n s ,  it i s  remarkably pe r s i s t en t  afterwards,  even a f t e r  an exposure 

which should ensure t h e  presence of appreciable  adsorbed contaminant 

films. A pressure of 40 Torr a i r  , however , e f f e c t i v e l y  prevents ad- 

hesion,  but t he  process i s  r eve r s ib l e  and adhesion may be aga in  pro- 

cured by pumping off t h e  atmospnere. U L J  -:-- ybb_I ----- +- _ _  hn m i l r h  less of 

a b a r r i e r  t o  adhesion than undried. 

3. Discussion of Factors Affecting Adhesion 

a)  Mutual So lub i l i t y  Cr i te r ion  

The present r e s u l t s  show no d i f fe rence  i n  t h e  tendency t o  

adhesion f o r  t h e  Ag-Ag, t h e  immiscible Ag-Ni, and t h e  mutually 

soluble  Cu-Ni systems. 

approximated even a t  very l i g h t  loads.  These r e s u l t s  a r e  con- 

sequently at variance with e a r l i e r  work by Kel ler  and Spalvins 

The s t rength  of t h e  weakest member i s  
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( 9 )  , who reported no adhesion between t h e  Ag-Ni system under 

touch contact.  

ever ,  and a r e  thought t o  be more r e l i a b l e  than those  of t h e  

e a r l i e r  exploratory experiments. 

The present r e s u l t s  a r e  we l l  subs tan t ia ted ,  how- 

It seems, the re fo re ,  t h a t  mutual s o l u b i l i t y ,  per s e ,  i s  

no c r i t e r i o n  for adhesion. I n  order t o  understand t h i s ,  we must 

consider t h e  energies involved i n  forming a compound between t h e  

two metals of t h e  couple, and those  involved i n  causing adhesion 

t o  occur between t h e i r  sur faces .  

pound i s  t o  be formed, t h e r e  must be a reduction i n  energy of 

t h e  system, i . e .  t h e  energy of t h e  compound formed must be l e s s  

than t h e  sum of t h e  energies  of t h e  two metals. 

I n  t h e  f i rs t  case,  i f  a com- 

I n  t h e  l a t t e r  

case ,  however, adhesion w i l l  occur i f  t h e  energy of t h e  r e s u l t a n t  

i n t e r f a c e  i s  l e s s  than t h e  sum of t h e  sur face  energies  of t h e  two 

metals. Consequently, t h e  condi t ion f o r  immiscibi l i ty  involves 

a bulk ma te r i a l  energy c r i t e r i o n ,  whereas t h e  condition f o r  ad- 

hesion requi res  a c r i t e r i o n  involving sur face  and i n t e r f a c i a l  

energies.  These l a t t e r  a r e ,  never the less ,  dependent on t h e  bulk 

energies  (211, but t h e  r e l a t ionsh ip  i s ,  a t  present ,  unclear .  

Thus, no predict ions concerning ~ i i e  t i v i i l t j -  ;f ~;:.tc7 z z ~ n l -  r -  +n 

adhere can, as y e t ,  be made from t h e i r  bulk in t e rac t ions .  

b )  E l a s t i c  Relief Forces 

The f a i l u r e  o f  bonds on unloading by e l a s t i c  forces  has 

been postulated by Bowden, Tabor e t  a1 ( 6 )  ,( 22) , l a r g e l y  i n  

connection with meta l l ic  f r i c t i o n  work, and t h i s  view has been 

widely held t o  explain t h e  apparent l ack  of normal adhesion 

during f r i c t i o n  experiments. The present work shows , however, 

that  t h e r e  i s  no evidence t h a t  e l a s t i c  forces  break t h e  bonds 
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formed during unloading of  t h e  Ag-Ag, A g - N i  and Cu-Ni couples 

which were contacted under high vacuum with clean specimen sur -  

faces .  I n  c o n t r a s t ,  measurable adhesion and maintenance of mini- 

mum contact  r e s i s t ance  w a s  observed even f o r  couples unloaded 

after the appl ica t ion  of very l i g h t  loads ( < 0 . 1  grams). 

If t o t a l  e l a s t i c  deformation and i d e a l l y  f l a t  specimen 

surfaces  a r e  assumed, w e  may obta in  some idea of  t h e  forces  in-  

volved during e l a s t i c  unloading condi t ions.  Figure 9 shows such 

idea l ized  condi t ions f o r  two specimen spheres under loaded and 

unloaded condi t ions.  I n  t h i s  case it can be  shown geometr ical ly  

t h a t  , 
b = ~ - ( ~ * - a )  2 1 /2  

( 9 )  

where b i s  t h e  v e r t i c a l  displacement, R t h e  rad ius  of t h e  spheres ,  

and a t h e  rad ius  of  t h e  contact  c i r c l e .  

If we now a l s o  consider t h e  present ly  used Ag-Ag crossed 

wire  specimens under a load of 1 gram, we know from Equation ( 3 )  

t h a t  a = 3.6 x 10 

t i o n  i n  Equation ( 9 )  and by binomially expanding, t h a t ,  f o r  t h i s  

case ,  b = 1.27 x 10- Thus, t h e  average separa t ion  of t h e  

&--- --:-fie nn i - n I n = d i n a  = 1.27 x 10 crns. and as t o t a l  me ta l l i c  

contact  over t h e  contact region i s  assumed during maximum load ,  

it can be shown t h a t ,  f o r  maintenance of t h i s  contact  a r ea  on 

unloading , 

-4 ems. It can be  f u r t h e r  shown, by subs t i t u -  

6 crns. 

-6 
v Y " V  .. &* --- 

(Average required extension of  contact  zone on unloading(b) ) -  - 0.2% (10) 
(Diameter of contact  zone) 

This must be considered wel l  wi th in  t h e  d u c t i l i t y  of most metals 

s ince  Rowe (22)  quotes a f igu re  of 1-2% f o r  model copper and brass  

work hardened junct ions , and, consequently, it i s  hardly su rp r i s ing  
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t h a t  no e l a s t i c  breakaway w a s  observed i n  t h e  present  c lean 

metals couples t e s t e d  i n  u l t ra -h igh  vacuum. 

The above t reatment ,  however, neglec ts  t h e  f a c t  t h a t  t h e  

r e a l  contact  area cons i s t s  of a number of  welded a s p e r i t i e s ,  

which would thus  g ive  a l a r g e r  value t o  t h e  above r a t i o  (lo), 

at t h e  ou te r  edges of specimen contact .  

c i a l l y  s o  i f  a contaminant oxide f i lm  were present  at t h e  

in t e r f ace , s ince  rupture  of t h i s  f i l m  would be requi red  before  

metal-metal bonding occurred. The r e s u l t a n t  bonds would conse- 

quently be smaller and fewer i n  number than f o r  c lean sur faces .  

Thus, rup ture  of bonds by e l a s t i c  r e l i e f  forces  would be more 

evident i n  contaminated sur faces  than  clean sur faces .  This 

This would be espe- 

could explain why no measurable j o i n t  s t rengths  were observed 

i n  t h e  Ag-Ag couple a f t e r  i n i t i a l  e l ec t ron  degassing bomard- 

ment, under high vacuum, Figure 8,  although t h e  two contact  re -  

s i s t a n c e  adhesion c r i t e r i a  were observed up t o  t h e  breakaway 

point .  It is  thought t h a t  t h e  oxide and o ther  contaminant f i lms  

were not s u f f i c i e n t l y  removed by t h i s  t rea tment ,  thus allowing 

e l a s t i c  r e l i e f  forces  t o  break t h e  bond under zero loading con- 

a i b i v r l s ,  Liit ;uffl:izzt h e i r -  u r-nved t o  g ive  some indica t ion  of 

adhesion. 

and Rowels r e s u l t s  ( 6 )  on t h e  welding of Au-Au, N i - N i ,  Pt-Pt and 

Ag-Ag couples i n  a vacuum of 2, 10 Torr ,  a f t e r  sur face  cleaning 

by extensive evaporation. They observed no appreciable  adhesion 

when t h e s e  couples were subjected t o  normal loads of l e s s  than  

1 5  grams, and it i s  poss ib le  t h a t  a l l  contaminants were not 

removed ( 3). 

Such an explanation could a l so  be given t o  Bowden 

-0 

Thus, although none of t h e  bonds between clean metal  
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couples ,  i n  t h e  presented experiments, appeared t o  be broken by 

t h e  r e l i e f  of  e l a s t i c  fo rces ,  even a f t e r  t h e  app l i ca t ion  of very 

l i g h t  normal loads ,  it i s  f e l t  t h a t  t h e  e f f e c t  of t h e s e  fo rces  

may be  more pronounced f o r  contaminated su r faces ,  and a l s o ,  of 

course,  f o r  harder  metals.  

c )  Ef fec t  of Contaminants 

The present  experiments show t h a t  t h e r e  are two c l a s ses  of 

contaminants which prevent adhesion , those  contaminants present  

i n  t h e  surrounding atmosphere, which can be pumped o f f  with t h e  

consequent reappearance of adhesion, and those  which cannot be 

pumped o f f .  The f i r s t  c l a s s  cons i s t s  of  gases and v o l a t i l e  com- 

pounds, i n  t h e  present case:  oxygen, carbon dioxide,  n i t rogen  

and water vapor,  and t h e  second of s t a b l e  sur face  films such as 

oxides.  

I f  we consider t h e  presented Ag-Ag r e s u l t s  shown i n  Figure 

Thus, no ad- 8, t h e  e f f e c t  of t h e  stable f i l m s  becomes evident.  

hesion w a s  observable under a vacuum of  % 5 x lo-'' Torr ,  even 

a f t e r  a bakeout cycle of 10  hours at 4 5 O o C ,  which would have 

removed a l l  but  t h e  most t i g h t l y  held adsorbed f i l m s .  

oxide-oxide bonding must be discountea i n  tnese,  ttLi ~ ~ L ~ ~ c j ~ ~ i r t  , 

cycles ,  s ince  i f  it were t o  occur, it should do so  here  a f te r  such 

a r igorous treatment.  Metal-metal contact  , however, w a s  thought 

t o  occur during these  tests under loaded condi t ions,  s ince  t h e  

contact  r e s i s t a n c e  measurements gave values  only about twice as 

g r e a t  as those  f o r  t h e  cleaned sur faces  i n  high vacuum. The 

b a r r i e r  t o  adhesion i n  t h i s  case ,  t he re fo re ,  seems t o  be t h a t  

mentioned i n  t h e  previous sec t ion ,  namely, f r a c t u r e  of t h e  

metal-metal bonds , formed through t h e  fragmented oxide l aye r s  , 

Consequently, 
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.. 
i 

by e l a s t i c  r e l i e f  forces  as t h e  load  i s  removed. It seems un- 

l i k e l y  t h a t  s u f f i c i e n t  mobile contaminants would be present  a t  

t h e  i n t e r f a c e  t o  prevent t h e  adhesion of t h e  v i r g i n  metal  con- 

t a c t s ,  i n  t h e  manner described by Nicholas and Milner (23) f o r  

metals  welded i n  t h e  atmosphere, a f t e r  such a r igorous bakeout 

cycle.  

The e f f e c t  of gaseous contaminants, however, i s  d i f f e r e n t .  

Since t h e  barrier t o  adhesion here  i s  r e v e r s i b l e ,  it seems t h a t  

t hese  must prevent t he  adhesion of t h e  v i r g i n  metal  contacts  ex- 

t ruded through t h e  s t a b l e  contaminant films. Thus, an adsorbed 

water f i lm on t h e  surface would c o n s t i t u t e  a highly mobile f i lm ,  

d i f f i c u l t  t o  d i sperse  t o  form metal-metal contact .  Indeed water 

vapor seems t o  be t h e  most e f f e c t i v e  barrier t o  adhesion of all 

t h e  atmospheres s tudied.  Thus, an ambient pressure  of 40 Torr 

of dry a i r  has l e s s  e f f e c t  i n  preventing adhesion than  40 Torr  

of normally wet a i r ,  Figure 8. 

ever ,  has no discernable  e f f e c t ,  and it must a l s o  be assumed t h a t  

t h e  n i t rogen  and carbon dioxide present  i n  t h e  a i r  atmosphere 

behave l ikewise .  Oxygen, however, being a more r e a c t i v e  gas 

mignt oe expecbeir t u  t; zx= zffclntllrn in " ~ o i s o n i n n "  t h e  ex- 

t ruded  metal  contacts.  The adhesion, however, seems t o  be re- 

markedly p e r s i s t e n t  after t h e  sur faces  have been cleaned, being 

s i g n i f i c a n t  a f t e r  a 14 hour exposure t o  a pressure  of  % 10 

Torr  a i r ,  Figure 8. 

l i g h t  loads of t h e  present experiments, adhesion w a s  not prevented 

by s i g n i f i c a n t  amounts of adsorbed and stable contaminant f i lms.  

The i n e r t  argon atmosphere, how- 

-4 

It seems, t he re fo re ,  t h a t  even under t h e  

The present  work, t he re fo re ,  subs t an t i a t e s  the  view t h a t  

t h e  d i s p e r s a l  of contaminants i s  t h e  prime b a r r i e r  t o  adhesion 

-19- 



of s o l i d  m e t a l  couples. Since adhesion w a s  observed f o r  cleaned 

surfaces  under high vacuum with t h e  app l i ca t ion  of extremely 

l i g h t  loads,  it must be assumed t h a t  t h e  energy b a r r i e r  t o  ad- 

hesion, proposed by Erdmann-Jesnitzer e t  a1 ( 2 4 )  and Semenov ( 5 ) ,  

due t o  t h e  work needed t o  r e a l i g n  t h e  m e t a l  surface atoms t o  form 

an i n t e r f a c i a l  bond, must be of minor importance. 
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CONCLUSIONS 

The r o l e  of contaminants during m e t a l l i c  adhesion has been c l a r i f i e d  

as a r e s u l t  of t h i s  work. Thus, if m e t a l  couples a r e  placed toge the r  under 

v i r t u a l l y  contaminant f r e e  conditions,  they  should weld spontaneously t o  g ive  

a s t r eng th  determined by t h e  contact area and t h e  bulk s t rengths  of  t h e  con- 

s t i t u e n t s ,  even i n  cases where the  deformation is  predominantly e l a s t i c .  

r e l i e f  of e l a s t i c  fo rces  on unloading, and t h e  energy b a r r i e r  needed t o  re- 

o r i e n t a t e  t h e  sur face  atoms t o  form an i n t e r f a c e  a r e  of minor importance under 

such condi t ions ,  a t  l e a s t  f o r  the softer ma te r i a l s  s tud ied  here.  

The 

The presence of contaminants a t  t h e  i n t e r f a c e  may l i m i t  adhesion i n  two 

ways. If t h e  contaminant i s  i n  t h e  form of  a s t a b l e  sur face  l a y e r ,  of  above 

minimum th ickness ,  such as an oxide f i l m ,  it i s  thought t h a t ,  although bonds 

may be formed between t h e  v i rg in  m e t a l  contac ts  extruded through t h e  f r ac -  

t u red  oxide l a y e r  under l i g h t l y  loaded condi t ions ,  they  break on unloading 

t h e  couple. They do t h i s  because of t h e  r e l i e f  of  e l a s t i c  fo rces ,  which be- 

comes important i n  t h i s  case because of t h e  r e s t r i c t e d  s i z e  of t h e  metal- 

metal contact  points .  If t h e  more mobile adsorbed gaseous or l i q u i d  f i l m s  

a r e  p re sen t ,  however, bonding between such metal contact ex t rus ions  is  

thought t o  be eliminated at  l i g h t  l oads ,  even under loaded condi t ions.  The 

e f f e c t  on adhesion of  t hese  mobile contaminants i s ,  however, r e v e r s i b l e  r o r  

i n i t i a l l y  c lean sur faces ,  i . e .  adhesion can o f t en  be r eas se r t ed  by removing 

t h e  atmosphere surrounding t h e  adhesion couple, whereas a r igorous cleaning 

procedure i s  required t o  remove t h e  more s t a b l e  sur face  f i lms .  Heavy bulk 

deformation, however, would enable t h e  d i s p e r s a l  of such f i lms ,  ensuring 

consequent bonding, as i s  commonly encountered on t h e  pressure  welding of 

metals  i n  air. 

The m i s c i b i l i t y  c r i t e r i o n  of adhesion of dissimilar metal  couples does 
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not apply t o  t h e  insoluble  Ag-Ni couple s tud ied ,  and i s  thought t o  be of 

only secondary importance, s ince  it i s  only a bulk c r i t e r i o n .  Adhesion, 

however, concerns sur face  and i n t e r f a c i a l  energies ,  and t h e s e  a r e  of un- 

known magnitudes. 
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FIGURE CAPTIONS 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 
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Figure 9 

Diagrammatic sketch of vacuum system where, A i s  t h e  adhesion 
c e l l ,  B t h e  e l e c t r i c a l  l eads  i n t o  t h e  c e l l ,  C t h e  s t r a i n  gauge 
l eads ,  D t h e  Redhead gauge, E t h e  t i t an ium so rp t ion  pump, F 
t h e  argon source,  G t h e  conf la t  f langes ,  H t h e  1" Granville- 
P h i l l i p s  va lve ,  I the  300 mm l i q u i d  n i t rogen  t r a p s ,  J t h e  
Pyrex-Kovar seals, and K t h e  1/2" Granvi l le -Phi l l ips  valve.  

Diagrammatic sketch of adhesion c e l l  where, A i s  t h e  sample 
p l a t e ,  B t h e  sample indenter ,  C t h e  pos i t i on ing  magnet, D t h e  
Redhead gauge, E a f i lament ,  F t h e  i r o n  s lugs ,  G t h e  s t r a i n  
gauge assembly, H t he  argon capsule,  1 t h e  t i t an ium sorp t ion  
pump, J t h e  ca l ib ra t ed  va r i ab le  r e s i s t a n c e ,  K t h e  1/2" Granville- 
P h i l l i p s  valve,  and L t h e  load solenoid.  

Adhesion cycles  o f t h e  Ag-Ag system: 

( a )  5 x Torr, a f t e r  bakeout, before  sur face  bombardment. 

( b )  Torr of argon, 24 h r s .  a f t e r  argon ion bombardment. 

Contact r e s i s t ance  at maximum load vs t h e  m a x i m u m  load on t h e  
couple, f o r  adhesion cycles  at  % 5 x Torr ,  a f t e r  argon 
ion and e l e c t r o n  bombardment. 

J o i n t  s t r eng th  - indentat ion load r e l a t i o n s h i p  f o r  t h e  Ag-Ag 
couple,  t h e  j o i n t  s t r eng th  being ca l cu la t ed  from t h e  contact  
r e s i s t a n c e  approximation of t h e  a rea  of contact .  Pressure 
% 5 x 10-1O Torr ,  after argon ion  and e l ec t ron  bombardment. 

vs load f o r  an idea l i zed  indentat ion.  pm' Average pressure ,  

J o i n t  s t r eng th  - indentat ion load r e l a t i o n s h i p  f o r  t h e  Ag-Ag 
couple,  t h e  j o i n t  s t r eng th  being ca l cu la t ed  from t h e  e l a s t i c  
approximation of t h e  a r e a  of  contac t .  
Torr ,  after argon ion  and e l ec t ron  bombardment. 

Pressure % 5 x 

- T-;n+ -_- -  c+.wnot.hs - of t h e  Ag-Ag couple under var ious atmospheric 
and sur face  condi t ions,  t h e  j o i n t  s t r eng ths  being caicuiaLeG 
from t h e  e l a s t i c  approximations of t h e  a reas  of contact .  The 
l i n e s  A and B represent  t h e  s t a b i l i t y  of t h e  contact r e s i s t ance  
t o  contact  break, and t h e  maintenance of t h e  minimum res i s t ance ,  
r e spec t ive ly ,  during t h e  unloading cycle .  Load on t h e  couples;  
1.3 - 1.6 grams. 

Idea l ized  cross-sect ion of specimen spheres under loaded ( dotted 
l i n e s )  and unloaded ( full l i n e s )  condi t ions.  
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